Abstract: Constitutive analysis for hot working of BFe10-1-2 alloy was carried out by using experimental stressstrain data from isothermal hot compression tests, in a wide range of temperature of 1,023~1,273 K, and strain rate range of 0.001~10 s -1 . A constitutive equation based on modified double multiple nonlinear regression was proposed considering the independent effects of strain, strain rate, temperature and their interrelation. The predicted flow stress data calculated from the developed equation was compared with the experimental data. Correlation coefficient (R), average absolute relative error (AARE) and relative errors were introduced to verify the validity of the developed constitutive equation. Subsequently, a comparative study was made on the capability of strain-compensated Arrhenius-type constitutive model. The results showed that the developed constitutive equation based on modified double multiple nonlinear regression could predict flow stress of BFe10-1-2 alloy with good correlation and generalization.
Introduction
BFe10-1-2 alloy is a representative of the Cu-Ni alloys which have diverse combinations of corrosion resistance and anti-fouling properties [1, 2] . Therefore, this alloy has a wide range of applications in sea water desalination, shipping and the power industries. The main processing methods of BFe10-1-2 alloy consist of semi-solid ingot casting and followed hot extrusion. Therefore, high temperature deformation is an essential processing step for the microstructure and the mechanical properties of the products [3] . Many defects, such as surface crack (Figure 1(a) ), overload ( Figure 1(b) ) and die fracture (Figure 1(c) ), are usually found during the hot extrusion process of cupronickel alloy pipes, which results in considerable problems, such as long process times, high energy consumption, low product yield and high cost. Accordingly, a thorough study of high temperature flow behavior of this material is requisite to properly design the deformation parameters.
Constitutive equations, derived on the basis of empirical, semi-empirical, phenomenological, and physicallybased models, are frequently used to describe the flow stress varying with deformation parameters [4] . Among these empirical and semi-empirical models, the JohnsonCook (JC) model and the Zerilli-Armstrong (ZA) model are currently a part of commercial Finite Element Method (FEM) software. JC model has been widely employed due to the fact that it requires less number of experimental data for evaluation of the material constants and can been used for various materials in a wide range of deformation temperatures and strain rates [5] . ZA model considers coupled strain and temperature effects and has been used to analyze different face-centered cubic (FCC) and body-centered cubic (BCC) materials over different strain rates at temperatures between room temperature and 0.6T m (T m is the melting point) [6] . Among the phenomenological models, the Arrhenius-type equation has been successfully used to describe the high temperature flow behavior of many metal materials, such as Al-Mn system alloy [7] , Ti alloy [8] and aluminum matrix composites [9] . Constitutive equation can represent the flow behavior of metal materials, and is used as input to the FEM code for simulating the response of materials under the specified deformation conditions. The reliability of simulation results is seriously influenced by the accuracy of the constitutive equation. On the basis of the orthogonal experiment and variance analysis, Xiao [10] proposed a constitutive model to describe the elevated temperature flow behavior of TiNiNb alloy. However, this constitutive model ignores the combined effect of influence factors on flow stress, which decreases the accuracy of the constitutive equation. Then, a double multiple nonlinear regression (DMNR) method with higher accuracy is proposed by Yuan [11] to predict the flow behavior of Ti-6Al-4V alloy. However, six analysis factors in DMNR model may not enough, and the major and the inessential analysis factors are not differentiated. Therefore, the main objective of this investigation is to find out a suitable constitutive equation to describe the high temperature flow behavior of BFe10-1-2 alloy with considering the combined effect of strain, strain rate and temperature over a wide range. To achieve our objective, isothermal hot compression tests were performed in the temperature range of 1,023~1,273 K and strain rate range of 0.001~10 s . The experimental stress-strain data were then employed to derive a modified double multiple nonlinear regression constitutive equation, which was an amalgam of effect of independent and combined variables. Then, the validity of the developed constitutive equation was examined over the entire range of temperatures and strain rates. Finally, the accuracy of the developed constitutive equation based on modified double multiple nonlinear regression was evaluated by comparing with a strain-dependent Arrhenius-type (SCA) constitutive equation.
Experimental details
The chemical composition (wt. %) of BFe10-1-2 alloy investigated in the present study is: Ni = 10.80, Mn = 2, Fe = 1.38, Cu = bal. And the original microstructure of asreceived BFe10-1-2 alloy is shown in Figure 2 . Cylindrical specimens were machined with a diameter of 10 mm and a height of 15 mm for compression tests. The flat ends of each specimen were recessed a depth of 0.1 mm groove to entrap the lubricant for the purpose of minimizing the friction. In order to obtain the heat balance, each specimen was heated to the deformation temperature at a rate of 10 K/s, and held for 3 min under the deformation conditions before compression tests. Then isothermal compression tests were carried out in the strain rate range of 0.001~10 s -1 and the temperature range of 1,023~1,273 K by a Gleeble-3800 simulator. After deformation, the specimens were cooled to room temperature in air, and the strain-stress curves were recorded automatically in isothermal compression.
Results and discussion

Flow stress
The flow stress curves obtained through hot compression tests are shown in Figure 3 . It is clear that BFe10-1-2 alloy exhibits strain rate hardening and thermal softening. The flow stress increases with the increase of strain rate at a certain deformation temperature, and decreases with the increase of deformation temperature at a certain strain rate. Meanwhile, the flow stress increases quickly with the increase of strain in the initial stage due to the generation, multiplication and intersect of dislocation. Then, with the increase of deformation, a saturation flow stress appears and stays nearly constant, which indicates a dynamic recovery (DRV) characteristic of the metal material. In this stage, dislocation density increases and the interaction between dislocations becomes more significant. However, due to heat activation at high temperature, larger dislocation density will be annihilated and rearranged by the dislocation climbing, sliding and crossslip, which leads to polygonization of dislocation and regularization of dislocation cell wall to further form subboundaries. When a balance between work hardening and DRV is reached, the flow stress remains near constant.
Modified double multivariate nonlinear regression
The constitutive equation of BFe10-1-2 alloy at high temperatures consists of flow stress and influence parameters. As shown in Figure 4 , x i (i = 1, 2, 3) are test factors (i. e., strain ε, strain rate _ ε and temperature T); y j are material parameters (j = 1, 2, 3, …,9), which indicate the single effect (solid lines) and the interactive effect (dashed lines) of x i on the flow stress; ψ j are the corresponding weights for y j , which indicate the single effect (solid lines) and the interactive effect (dashed lines) of x i on the amplitude of flow stress; f j are analysis factors, reflecting the influence function of analysis factors on flow stress; σ represents the flow stress which is defined as the objective function and is a pan-function of test factors x i and weight-function of analysis factors f j , σ = P (x i ) = W(f j ); and ω j are converged weights, which represent the contributions of analysis factors f j to the objective function σ.
Analysis factors f j consist of two parts: material parameters y i and corresponding weights ψ j . Meanwhile, y i and ψ j are the functions of test factors x i . Then, the objective function σ can be developed from the contribution function W(f j ), in which the analysis factors f j are obtained from the physical theory of plastic deformation as follows: 
where Q is the deformation activation energy (J·mol -1 ), R is the universal gas constant (J·mol -1 ·K -1 ), n, m and s are material parameters (y i ), and N, M and S are corresponding weights (ψ j ). Then taking natural logarithm of both sides of eqs (1)- (3) yields the following equations:
The contribution function W(f j ) can be obtained by the nonlinear regression of experimental data, and the weights ω j can be obtained by using the multivariate nonlinear regression. Therefore, the construction method for the constitutive equation can be called modified double multivariate nonlinear regression (i. e. nonlinear regression of contribution function W(f j ) as well as objective function σ).
The mean flow stress values σðx i − x i Þ are used to develop the constitution equation. For example, σðε − _ εÞ is the mean value of flow stress at all temperatures, σðε − TÞ is the mean value of all strain rates, σðεÞ is the mean value of flow stress at all temperatures and strain rates, and σðε, _ ε, TÞ is the flow stress corresponding to the processing parameters. The specific process of establishing the constitution equation is given in Figure 5 . K ε , K _ ε , and K T are the levels of strain, strain rate, and deformation temperature. In this research, the values of strain are selected in the range of 0.1~0.8 at an interval of 0.1, the strain rates are chosen as 0.001 s 
Determination of material parameters y i
The mean stress σðεÞ at different levels can be obtained as follows: Figure 6 illustrates the relationship between lnð σðεÞÞ and lnðεÞ. Then the values of nðεÞ and lnðNðεÞÞ can be acquired as the slope and intercept in the plot of two adjacent points in Figure 6 . Then, a cubic spline fit is employed to express the relationship between nðεÞ and strain (eq. (9)), and a fourth-order polynomial function is used to express the relationship between lnðNðεÞÞ and strain (eq. (10)), as shown in Figure 7 . 
The mean stress values of σðε − _ εÞ at different temperatures can be obtained as follows:
Therefore, the values of nð_ εÞ and lnðNð_ εÞÞ can be derived from the slopes and intercepts of the lines of lnð σðε − _ εÞÞ − lnðεÞ, as shown in Figure 8 . The relationships of nð_ εÞ-lnð_ εÞ and lnðNð_ εÞÞ-lnð_ εÞ are illustrated in Figure 9 . 
Determination of major analysis factors
Then, the contribution functions of the independent factors (f ε , f _ ε and f T ) and interactive factors (
ε ) can be easily obtained. As discussed above, analysis factors f j are composed of material parameters y i and corresponding weights ψ j . It should be noted that some factors may have significant influence on the flow stress while the others may have few contributions. Therefore, it is essential to find out the primary analysis factors. The mean value (MV), standard deviation (SD) and coefficient of variance (CV) are employed to analyze the analysis factors. As is well known, MV can represent the overall level, SD can reflect the discrete degree of a data set, and CV can better reflect the discrete degree of data (CV = MV/SD). SD can be expressed as follows:
where V is the sample number. The order of CV about analysis factors is given in Table 1 . It can be seen from the table that the value of CV for f ε is less than 10 % (9.68 %), which indicates that the strain has little influence on the flow stress, and can be ignored in constitutive equation. However, the values of other CV are much higher than 10 %, which indicate the influence of these factors on flow stress is significant. Meanwhile, the interactive effect of strain rate and temperature has greater influence than other factors. Therefore,
, and f _ ε − ε are selected as the major analysis factors.
Determination of the converged weights
The constitutive equation of material during plastic deformation during high temperature can be expressed as:
On the basis of orthogonal test and variance analysis, a comprehensive constitutive equation incorporating the effects of strain, strain rate and temperature is derived as follows [10] :
where σ 0 is the initial yield stress, and f ε , f _ ε , and f T are the influence functions of strain, strain rate and temperature, respectively. The interaction among the single factors has been ignored for the purpose of simplifying the calculation process. However, it can be seen from Table 1 that the interaction among the single factors has significant influence on the flow stress, and the accuracy of constitutive equation may be reduced because of ignoring of some primary interaction. Therefore, eq. (26) can be modified as follows:
By considering the converged weights ω j , eq. (27) can be modified as follows:
Taking the natural logarithm of both sides of eq. (28) yields:
As is well known, multivariate regression (MR) analysis is a highly flexible system for examining the relationship between a collection of the independent variable and dependent variable. Therefore, the present study explores least square regression with independent variable lnf j and dependent variable lnσ. Through the MR test via SPSS software, the correction coefficient σ 0 and the converged weights ω 1 , ω 2 , ω 3 , ω 4 , ω 5 , ω 6 , ω 7 and ω 8 are obtained, as shown in Table 2 .
Verification of the developed constitutive equations
In order to verify the developed constitutive equation based on modified double multiple nonlinear regression for BFe10-1-2 alloy, a comparison between the experimental and predicted flow stress data is carried out in Figure 14 . As can be seen from Figure 14 , the predicted flow stress data can track the experimental data of BFe10-1-2 alloy, and there is a good agreement between the experimental and predicted values under most deformation conditions. Only at one processing condition (i. e. at 1,123 K in 1 s -1 ), an obvious variation between experimental and calculated flow stress data can be observed, as shown in Figure 14 (c).
The predictability of the developed constitutive equation is quantified in terms of standard statistical parameters such as correlation coefficient (R) and average absolute relative error (AARE). These are expressed as follows [12] :
where E is the experimental flow stress and P is the predicted flow stress obtained from the developed constitutive equation. E and P are the mean values of E and P respectively. C is the total number of data used in this study. R is a commonly employed statistical parameter and provides information on the strength of the linear relationship between the experimental and predicted data. AARE is calculated through a term by term comparison of the relative error and is an unbiased statistical parameter for determining the predictability of the equation. The correlation between experimental flow stresses and predicted data is shown in Figure 15 . It can be seen from figure that most of the data points are located close to the fitting lines, and the values of R and AARE are found to be 0.9913 and 5.248 % respectively.
Meanwhile, the performance of the developed constitutive equation is further investigated by statistical analysis of the relative error. The predictions are compared with the corresponding experimental data, and subsequently the relative errors are expressed as [13] : Table 2 : The values of σ 0 and ω j obtained by multivariate linear regression.
The results of relative error are represented graphically as a typical number versus error plot, as illustrated in Figure 16 . As can be seen from Figure 16 , the relative errors exhibit Gaussian distribution, and vary from -31.53 % to 23.34 %. The mean value of the relative errors is only -0.129. Therefore, the modified double multiple nonlinear regression constitutive equation gives an accurate and precise estimate of the flow stress of BFe10-1-2 alloy.
Comparison with SCA constitutive model
Nowadays, Arrhenius-type constitutive model is widely used to describe the high temperature flow behavior of metals, especially at elevated temperatures. This model exhibits higher accuracy than the JC, modified JC and modified ZA models, and this has been proved in 9Cr-1Mo steel [14] , 28CrMnMoV steel [15] , Mg-6Al-1Zn alloy [16] , and 7050 aluminum alloy [17] . The Arrhenius-type constitutive equation can be expressed in the following form:
where A, α and n are the materials constants, and Z is Zener-Hollomon parameter and expressed as:
The influence of strain on the Arrhenius-type constitutive equation is incorporated by assuming that the material constants (i. e. α, n, Q and lnA) are polynomial function of strains. In the authors' previous study, a third-and a sixth-order polynomial is founded to represent the influence of the strain on α as well as other material constants (i. e. n, Q and lnA) with a good correlation and generalization, as shown in eq. (35) and Table 3 [18] . Figure 17 illustrates the correlation between the experimental and predicted flow stress data from the SCA constitutive equation. The value of R for SCA constitutive model is 0.988, which is lower than that of the modified double multiple nonlinear regression constitutive equation (0.9913), while the value AARE (5.663 %) is higher than that of the modified multiple nonlinear regression constitutive equation (5.248 %). Meanwhile, the mean value of the relative errors for the SCA constitutive equation is -0.956 (shown in Figure 18 ), whereas the value is -0.129 for the modified multiple nonlinear regression constitutive equation. Therefore, the developed constitutive equation based on modified multiple nonlinear regression shows a better correlation between the predicted results and experimental data than strain compensated Arrhenius-type model. 
